Complexes of substructural elements of bacteriophage T4 (baseplates, baseplatecore complexes) with long tail fibres were obtained for the first time by complementation in vitro. A study of the organization of the complexes was carried out by PAGE, electron microscopy and sedimentation analysis. About 90 % of baseplates and baseplate-core complexes were combined with fibres. However, the number of the attached fibres varied from one to six. On the basis of the data obtained, we proposed that the attachment of long tail fibres can occur before the assembly of the whole bacteriophage.
INTRODUCTION
The general problem of the morphogenesis of the simplest biological structures can be explored by studies on bacteriophage T4, whose assembly is completed by attachment of long tail fibres to the baseplate of the virus particle. The long fibres are the structural element responsible for recognition of specific cell receptors and phage adsorption to the cell wall. Anchoring of fibres induces a complete and irreversible rearrangement of the baseplate from the hexagon to the stellate form. This leads to tail sheath contraction and penetration of the core into the cell.
Attachment of tail fibres to the phage particle during assembly in vitro has been described by several workers (Edgar & Lielausis, 1968; Wood & Henninger, 1969) . This reaction is catalysed by a non-structural protein product of gene 63 (gp63), which is a bifunctional polypeptide that also acts as an RNA ligase (Wood & Henninger, 1969) . Efficient assembly also requires gpwac, a protein of the phage collar system (Conley & Wood, 1975) . Allosteric effectors, such as indole and indolylacetic acid, were found to accelerate the attachment of long fibres to non-fibred particles during incubation in vitro of these substructures (Nashimoto & Uchida, 1969) .
Electron micrographs of partially reconstituted phages provide evidence that fibre attachment is non-cooperative, and that there are always particles with an incomplete number of adsorption organelles (Baran & Bloomfield, 1978) . Three possible sequences of events have been proposed for the final stages of formation of infectious virus particles (Terzaghi & Tsugita, 1966; Wood & Henninger, 1969; Wood & Conley, 1979) . In all cases attachment of tail fibres was suggested to occur only after the head and tail have assembled into the phage particle. However, electron microscopy of phage mutants has revealed fibres attached to tails, baseplatecore complexes and baseplates. This paper reports a study into the possibility of formation of complexes between phage substructural elements and long tail fibres in vitro.
METHODS

Bacteria and bacteriophages.
Escherichia coli strains CR63 and B were used as permissive and non-permissive hosts respectively, for amber mutants of phage T4. Baseplates were obtained from the am mutant 23(amH11). 19(amE 1137), baseplate-core complexes from the mutant 23(amH11). 18(amE18) and tail fibres from the mutant 23(amHl 1). 18(amEl8). 10(araB255). (The numbers not in parentheses refer to the mutated gene.)
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Isolation and purification of phage T4D structural elements. Tail fibres were isolated and purified by a modification of the procedure of Dickson (1973) . Cells of E. coli B, grown in medium M9A to a density of 4 x 108 cells/ml, were infected with a fivefold excess of the am mutant in genes 23, 18 and 10 and, after 8 min, superinfected at the same ratio. After a 45 min incubation, the cells were harvested by centrifugation at 5000 r.p.m, for 15 min and suspended in a solution of 10 mi-Tris-HC1 pH 7-0, 20 mi-MgSO, and 2 mi-dithiothreitol. Ceils were Iysed overnight in the cold with chloroform in the presence of 20 p.g/ml DNase and 10 p.g/ml RNase. Cell debris was removed by centrifugation at 5000 r.p.m, for 20 rain and the homogenate was centrifuged at 40000 r.p.m, for 2 h (Spinco SW50.1) to sediment ribosomes and phage structural elements. The supernatant, which contained long fibres, was stored at -20 °C.
Fibres were further purified by adding ammonium sulphate to 50 ~ saturation; the precipitate was suspended in the buffer (see above) and dialysed against 100 volumes of the same buffer. The fibre preparation was centrifuged in a 5 to 20~ sucrose gradient at 40000 r.p.m, in a Beckman SW41 rotor for 15 h at 4 °C.
Baseplate-core complexes. These were prepared according to the method of Duda & Eiserling (1982) with minor modifications. Baseplates were obtained by a modification of the method of Wagenknecht & Bloomfield (1977) using 10 mM-Tris-HCl pH 7-4 containing 10 mM-MgC12, I mM-EDTA, 10 mM-NaC1, 1 mM-dithiothreitol and 0.2 Msucrose, and purified as follows. The preparation was concentrated by centrifugation at 40000 r.p.m, in a Beckman SW41 rotor for 8 h at 4 °C over a 50~ sucrose cushion. The sediment was dialysed against the above buffer for 12 h. Further purification was achieved by centrifugation in a 10 to 45 ~ sucrose gradient (25 000 r.p.m. in a Beckman SW27 rotor for 16 h at 4 °C). The single band corresponded to baseplates. The band was collected and dialysed against the same buffer. The second gradient was 10~ to 30~ sucrose, centrifuged at 25 000 r.p.m, in a Beckman SW27 rotor for 10 h at 4 °C. The purity of the baseplate preparation was monitored by electron microscopy and PAGE.
Complementation in vitro ofbaseplate and baseplate-core complexes with tail fibres. Extracts containing long fibres (1 mg) were incubated with preparations of baseplates or baseplate-core complexes (0.2 mg) for 50 rain at 30 °C in the presence of an equal volume of an E. coli extract containing gp63 (T4D am34, 23, 18, 10). The resulting preparation was purified in a 10~ to 30~ sucrose gradient at 25000 r.p.m, in a Beckman SW27 rotor for 10 h at 4 °C.
Sedimentation analysis. Sedimentation properties of the preparations were studied in a Spinco Model E analytical ultracentrifuge with scanning absorption optics. The samples were centrifuged at 30000 r.p.m, at 20 °C. The sedimentograms were treated by a standard procedure (Shcherbukhin & Guermant, 1975) to calculate sedimentation coefficients, sw,2o. The plot of In r (the distance of the sedimentation boundary from the rotor axis) versus time t was obtained by the method of least squares. The correlation coefficient for this plot was 0.999 in most cases. Sw.20 was estimated with an error of + 2~.
Electron microscopy. Specimens for electron microscopy were processed according to the method of Brenner & Home (1959) . Samples were fixed with 2~ glutaraldehyde in 0.1 M-phosphate buffer pH 7-2 for 1 h at 37 °C and contrasted with 1 ~ aqueous uranyl acetate on collodion films. The specimens were examined and photographed in a Hitachi HS-11 electron microscope at a 50000-fold magnification and an accelerating voltage of 50 to 75 kV.
RESULTS
Baseplates are extremely labile and their transition from hexagonal structures into six-ray stellate forms occurs spontaneously during storage. Wagenknecht & Bloomfield (1977) isolated baseplates in a biologically active state by disintegrating bacterial cells with alumina and using a rapid isolation procedure in the cold. In our laboratories, baseplates were stabilized by adding sucrose to a final concentration of 0.2 M, which enhanced the yield of viral subparticles, prevented their transition into the stellate form and preserved their biological activity (Fig. 1 a) . The complementation between baseplates and fibres was confirmed by electrophoretic resolution in polyacrylamide gels, electron microscopy and sedimentation analysis.
Sucrose gradient centrifugation of the complementation mixture of baseplates and fibres yielded a single, wide band representing the baseplate-fibre complexes. PAGE analysis of this preparation revealed bands corresponding to the proteins of long fibres. To rule out the possibility of non-specific binding between fibres and baseplates, the preparation was diluted 50-fold with buffer and recentrifuged; the resulting preparation retained the long fibre proteins (Fig. 1 b) . Complementation between baseplates and long tail fibres required gp63 and did not take place in its absence. Addition of indolylacetic acid or gpwac to the incubation mixture, which accelerates fibre attachment to the whole phage, did not affect the binding of fibres to the baseplates. Electron microscopy of the complementation mixture showed baseplates with a varying number (from one to six) of attached long fibres (Fig. 2) that a steady-state distribution of fibres among substructural elements was reached within 45 min. The distribution of the number of attached fibres is depicted in Fig. 3 (a) . The most frequent form of baseplate-fibre complex (about 40 ~) had three fibres, while those having all six fibres were relatively rare (about 5~).
To study the possibility of fibre attachment to other phage substructural elements, we carried out complementation of baseplate-core complexes with long tail fibres, using the same conditions. Approximately 97 ~ of the particles had fibres attached but, as above, the number of fibres varied from one to six. The results of this distribution among baseplate-core complexes are presented in a histogram (Fig. 3 b) . The most frequent forms had three or four fibres (about 35~ and 30~o, respectively).
Another test for attachment of long tail fibres to baseplates was carried out by sedimentation analysis. Fig. 4 presents the sedimentation diagram for the preparation of baseplates incubated with long tail fibres. The sedimentation profile demonstrated the heterogeneity of the preparation, with fractions 67S, 72S and 78S representing baseplates with different numbers of attached fibres. Electron microscopic analysis showed that fraction 78S contained baseplates with one or two fibres, fraction 72S with three fibres, and fraction 67S with four, five and six fibres. The most rapidly sedimenting fraction had a sedimentation coefficient of 115S and electron microscopic examination confirmed that it contained baseplate dimers. (Fig. 2f) .
DISCUSSION
Isolation of bascplates has been described by several workers, although only King (1971) and Wagenknecht & Bloomfield (1977) succeeded in obtaining a preparation retaining biological activity. The advantage of the method of Wagenknecht & Bloomfield (1977) lay in the Attachment of fibres to phage substructures 973 disintegration of E. coli ceils with alumina, as opposed to the previously employed methods of chloroform lysis in the cold or sonication. In our case, cells were either disrupted by sonication or lysed with chloroform, while the medium contained 0.2 M-sucrose to preserve the baseplates. Biological activity of the preparation was assayed in vitro by its ability to assemble the core on the baseplate and ultimately to form the native virus particle. In vitro complementation tests showed that, in both cases, the preparations retained their biological activity. Hence we concluded that biological activity in the baseplate preparation of Wagenknecht & Bloomfield (1977) was preserved owing to the purification procedure rather than to grinding with alumina. Inclusion of 0.2 M-sucrose in the buffer to enhance the yield of baseplates proved successful in our studies.
Attachment of long fibres to phage substructural elements (baseplates and baseplate-core complexes) is controlled by gp63. Nashimoto & Uchida (1969) demonstrated that indole and some of its derivatives accelerate the formation of infectious phage particles when an extract containing a non-fibred phage is mixed with an extract containing fibres. Terzaghi & Tsugita (1966) and Conley & Wood (1975) showed that long fibre attachment to the phage particle is also accelerated by the phage 'whiskers' (gpwac). Virus particles are most efficiently assembled when both gpwaC and indolylacetic acid are present in the incubation medium (Selivanov et al., 1981) .
In our experiments, addition of indolylacetic acid or gpwac had no effect on fibre attachment. This supports the conclusion of Selivanov et al. (1981) that the allosteric effectors accelerate fibre attachment by enhancing the rate of assembly between the distal and proximal parts of the fibre which involves the 'whiskers'.
The results of complementation between phage substructural elements and long tail fibres confirmed that fibre attachment is a random non-cooperative process and there are always incomplete particles with less than six fibres. There is no obvious explanation for the formation of particles with different numbers of adsorption organelles. Baseplates with a incomplete set of fibres isolated from the complementation mixture are capable of accepting additional fibres, although this increase is only slight, and free fibres remaining in the supernatant can attach to non-fibred particles. It is clear, therefore, that incomplete assembly is not due to a loss of biological activity by the constituents. Figure 3 (c) presents the distribution of n-fibered phage particles upon attachment of the fibres to pre-assembled virus particles (data of Wood & Henninger, 1969) . In this case the fourfibre form is predominant (about 50~). One can see that upon attachment of long tail fibres to baseplates (Fig. 3a) the most common form has three fibres, whereas with baseplate-core complexes the four-fibre form predominates (Fig. 3b) , thereby approximating the situation in whole phage particles. Kellenberger et al. (1965) estimated that in the normal T4D population the mean statistical distribution is three fibres per virus particle and biological activity assays showed that the three-fibre forms are infective (Crawford & Goldberg, 1980) . Thus, the fibred baseplates obtained by complementation in the present work are biologically active structures which can be integrated directly into virus particles.
By comparing the distribution of the number of fibres attached to the structural elements (Figs. 3a to c) , it can be seen that upon incubation of baseplates with long fibres about 70~ of baseplates carry three or more fibres, i.e. are biologically active. Complementation of the baseplate-core complexes and non-fibred virus particles with long fibres gives rise to 82~ and 85~, respectively, of biologically active structures. This means that fibre attachment is not enhanced appreciably upon assembly of the phage tail to the head. It appears, however, that fibre attachment is promoted substantially after the core is built on the baseplate upper surface; the core influences the peripheral part of the baseplate facilitating fibre attachment, and thus the interaction proceeds to a greater degree of completion. Analysis of the sedimentation profile (Fig. 4) reveals four 'waves of heterogeneity' which is additional confirmation of the lack of cooperativity in the complementation of the phage substructural elements and long fibres.
The data obtained allow a conclusion that, although during phage T4 morphogenesis fibres are attached in the last stage, the baseplate is capable of accepting long fibres directly after its formation. Attachment of the core to the internal surface of the baseplate potentiates fibre attachment. Taking account of the fact that the fibres can attach to bacteriophage substructural
